Intermetallic compound / I3 cluster / Single crystal structure analysis / Powder diffraction analysis / X-ray diffraction / Complex Abstract. The title compounds Zn 13 (Cr x Al 1 À x ) 27 (x ¼ 0:34-0.37) were obtained by melting the pure elements at 923 K, and followed by a heat treatment at 723 K in a tantalum container. According to single crystal structural analysis, the title compounds crystallize in the rhombohedral system, adopting a new structure type (R 3 3m, a ¼ 7:5971(8), c ¼ 36:816(6), for crystal I). Single crystal X-ray structural analysis reveals a statistical mixing of Cr/Al in their crystallographic positions. Single crystal and powder X-ray diffraction as well as energy dispersive X-ray analyses suggested the title phase to have a narrow homogeneity range. The substructure of Zn 13 (Cr x Al 1 À x ) 27 shows close resemblance with the Mn 3 Al 10 structure type. A bonding analysis, through crystal orbital Hamiltonian populations (COHPs), of "Cr 9 Al 18 Zn 13 " as a representative composition indicated that both homo-and heteronuclear interactions are important for the stability of this new phase.
Introduction
Quasicrystals (QCs) are a fascinating class of intermetallic compounds, which have become an interesting area of research for chemists and physicists since their discovery in the Al--Mn system [1] . These complex intermetallic compounds exhibit forbidden rotational symmetries, e.g., 5-, 8-, 10-and 12-fold, in their diffraction patterns and they lack three-dimensional translational atomic periodicity [2, 3] . Over the past two decades, numerous studies have focused on the discovery of new QCs and their closest crystalline relatives, so-called approximants, in a variety of binary, ternary, and quaternary systems. The crystalline approximants (CAs) are periodic and their local atomic structure and physical properties, in general, closely resemble the parent high-symmetry QCs. Icosahedral approximants (iCAs) are categorized based on their local atomic order and cluster arrangements, such as the Bergman- [4] , Mackay [5] , and Tsai-type phases [6] . Icosahedra and dodecahedra are the common building blocks for all these different types of phases.
All of these QCs and CAs are generally recognized as electron phases or Hume-Rothery phases because they occur for a specific range of valence electron concentrations (vec) 1.75-2.10 e À /atom, and their structural stability can be rationalized by an interaction of the nearly free electron Fermi surface and Brillouin zone planes in reciprocal space [7, 8] . A similar structural stability concept also holds for the g-brass and related structures [9] . Recently, S. Lee et al., beautifully showed the connections of Laves phases, g-brasses, and 2 Â 2 Â 2 superstructures of g-brasses to QCs by using a higher dimensional approach [10, 11] . In addition, new icosahedral QCs have been discovered in Cd-based [12] [13] [14] , Mg--Zn-based [15] [16] [17] and Au--In based [18] alloys. Some of these were uncovered by using choosing chemical compositions based on tuning the valence electron count to a pseudogap in the electronic density of states (DOS) curve of a corresponding CA [16, 18] . All of these findings motivate us to find new structural families consisting of icosahedra as the main building block that can eventually lead to improved understanding of the structural features of QCs and their CAs.
The binary Cr--Al system has been studied by many authors over the several decades because of the existence of numerous structurally complex phases in a small cascade on the Al-rich side of the phase diagram [18] [19] [20] [21] . For instance, CrAl 7 , Cr 2 Al 11 , m-CrAl 4 , e-CrAl 4 and g-Cr 5 Al 8, are few of the known complex phases that exist in this region. The m-CrAl 4 phase is isostructural to m-MnAl 4 , one of the CAs in the Al--Mn system [22] . The complex structure of m-MnAl 4 along with other structurally complex phases have been described using the I3-cluster concept developed by Kreiner and Franzen [23] . Moreover, several CA structures have also been discovered in ternary TM-Cr--Al systems [TM¼Mn, Fe, Ni ] [24] [25] [26] [27] .
On the other hand, the Cr--Zn system is much less studied, with only the zinc-rich part of the phase diagram available [28, 29] . The only reported phase in this system is CrZn 17 , which apparently crystallizes in the hexagonal system, but its crystal structure remains unknown [30] . In addition, "CrZn 13 " has been mentioned to be isotypic with z-FeZn 13 [28, 31] , but the structural characterization is highly incomplete [32] . A thermodynamic assessment of the zinc-rich part of the Cr--Zn system was carried out by G. Reumont et al. In addition, they also optimized the Cr--Al--Zn system with the CALPHAD method [33] , after probing this system experimentally and reporting four ternary phases, which they labeled t 1 (Zn-rich), t 2 and t 3 (Al-rich), and t 4 (Cr-poor) [33] . However, no structural details were given of any of these proposed ternary phases.
This work involves a part of our effort devoted to understanding the role of vec and electronic structure of complex intermetallic structures that have structural relationships to QCs, e.g., g-brass type phases. We recently demonstrated that partial substitution of Al, a sp metal, for Zn in the aristotypic g-Pd 2Àx Zn 11 þ x leads to either a gbrass or a 2 Â 2 Â 2 superstructure of g-brass type phases, depending on Al content, in the Pd--Zn--Al ternary system [34] . In addition, we reported the structural and magnetic characteristics of the binary series, MGa (M ¼ Cr, Mn, Fe), and pseudobinary series, Cr 1Àx Fe x Ga, both of which adopt the rhombohedral Cr 5 Al 8 structure type [35, 36] . This structure is, in fact, a distorted g-brass type structure. Thus, we undertook an exploration of the Cr--Al--Zn ternary system to continue our search for new CAs and iCAs, as well as icosahedral QCs, for a better understanding of their structure-composition relationships. Herein, we report our initial fruitful results in the Al/Znrich part of the Cr--Zn--Al phase diagram.
Experimental section Synthesis
The title compounds were synthesized starting from the pure elements: Cr (chunks, MPC, Ames Laboratory, 99.98%), Zn (ingot, MPC, Ames Laboratory, 99.99%), Al (tear drop, MPC, Ames Laboratory, 99.99%). The new phase was initially identified during exploratory synthesis from the loaded composition in the molar ratio Cr : Zn : Al ¼ 1 : 2 : 2. The reactants were placed in a Ta tube, which was crimped shut and sealed within a fused silica ampoule under vacuum, heated continuously from room temperature to 650 C at a rate of 15 C/hr in a tube furnace and held for 12 hrs. Thereafter, the furnace was slowly cooled to 450 C over a period of 12 hrs, and equilibrated at this temperature for 7 days. Finally, the furnace was turned off and allowed to cool naturally to ambient temperature. The product contained a mixture of title compound (major, >90%), Cr 5 Al 8 (minor), and a small amount of Zn condensed on the cooler part of the silica tube. The major phase showed characteristic silvery rhombic facets, and these are easily extracted for single crystal diffraction experiments. Further loadings were carried out in the vicinity of the composition refined from single crystal diffraction studies and EDS analysis (Cr 22(1) Zn 34(1) Al 44(1) ). Ca. 0.5 g samples of precisely weighed metals were loaded into cleaned tantalum tubes as reaction containers, each of which was crimped and then sealed in a silica jacket under reduced pressure (ca. 10 À5 torr). The more rigorous syntheses were carried out using different temperature profiles in order to optimize the reaction conditions to obtain maximum yield of the title phase. For instance, when mixtures were heated to 850 C for 12 h to homogenize them, followed by cooling to 450 C over the period of 14 h, we observed reaction with the Ta tubes resulting in embrittlement of the tube. However, no Ta was observed in the EDS analysis of the final product. The product thus obtained showed a second, minor phase, (Cr,Al) 3 Zn, along with Cr 5 Al 8 and the title phase (see discussion). The following reaction temperature profile was ultimately chosen because these conditions gave high yields of all title phases and good quality crystals for diffraction experiments. The reaction containers were heated continuously from room temperature to 650 C at a rate of 15 C/hr in a tube furnace and held for 12 hrs; thereafter, the furnace was slowly cooled to 450 C over a period of 12 hrs, and equilibrated at this temperature for 7 days. Finally, the furnace was turned off and allowed to cool naturally to ambient temperature. Our exploration of this Cr/Zn/Al phase space indicated that the title phase formed as the major phase when the molar composition of Cr ranged between 20 and 36 percent. Since the mixture of Zn and Al is, therefore, in excess, it acts like a reactive flux that facilitates crystal growth of the desired phase.
For phase purity and verification of any homogeneity range, all samples were characterized by powder X-ray diffraction using a Huber G670 imaging plate Guinier camera equipped with a Ge(111) monochromator with CuK a 1 radiation. Patterns were collected for 2q values ranging from 5 to 100 at increments of 0.005 . A few samples were also investigated by using the Philips PANalytical X 0 Pert PRO diffractometer. The data were collected for 2q values ranging 5 to 90 at increments of 0.02 in a continuous scan mode using CuK a radiation in a BraggBrentano geometry. The lattice parameters were evaluated using the Rietveld refinement module of the PANalytical X-Pert Highscore Plus software (PANalytical, version 2.1). The refined lattice parameters corroborate well with lattice parameters obtained from the single crystal diffraction experiments.
Semiquantitative microprobe analyses were performed on flat surfaces of several single crystals using a JEOL 5910LV scanning electron microscope (SEM) equipped with a Noran-Vantage energy-dispersive spectrometer. The chemical compositions obtained from energy dispersive Xray analysis (EDS) corroborate well with single crystal data analysis, within the limitations of the technique. No heavy elements other than Cr, Zn, and Al were detected. For phase identification, images were taken in the backscattered electron mode at 20 kV on the same instrument.
Single crystal structure determination
At least eight crystals extracted from different loaded compositions were studied with a Bruker APEX CCD diffractometer equipped with graphite-monochromatized MoK a radiation (l ¼ 0.71073 Å ). Reflections were gathered at room temperature by taking three sets of 606 frames with 0.3º scans in w, with an exposure time of 10 s per frame using the SMART program [37] . The range of 2q extended from 4 to 57º. The measured intensities were corrected for Lorentz and polarization effects and were further corrected for absorption using the STOE X-SHAPE [38] and X-RED programs [39] . All data sets showed the systematic absence condition, hkl: Àh þ k þ l ¼ 3n, etc., which suggests rhombohedral symmetry and five possible space groups, R3, R3, R3m, R32, and R3m. The E-Stats model strongly suggested the structure to be centrosymmetric; so the space group was tentatively selected to be R3m.
The structural models were obtained from direct methods and refined by full-matrix, least-squares refinement on F 2 using the SHELXTL package [40] . Direct methods yielded nine distinct atomic positions. Among them, three positions are assigned to Zn and the remaining sites to Cr on the basis of the thermal displacement parameters. The subsequent isotropic least-squares refinement for crystal I (loaded composition CrAl 2 Zn 2 ) converged quickly to R1 ¼ 8.63%, wR2 ¼ 29.5%, at which point no meaningful residual electron density was seen in the difference Fourier map (<3.0 e À /Å 3 ). However, all Cr atoms showed large thermal displacement parameters (0.018À0.022 Å 2 ), which suggested that either Al atoms may partially mix with Cr at similar crystallographic positions or there may be vacancies disordered among these Cr positions. In the following refinement cycles, all the Cr positions were treated as mixed with Al atoms (site occupancy factor (sof) constrained to unity). As a result, the R1 and wR2 factors dropped to 5.08 and 12.48%, respectively. Introduction of anisotropic displacement parameters and a secondary extinction coefficient during the final stage of refinement yielded R1 ¼ 3:65% for 51 parameters. Standardization of the atomic positions was performed with STRUCTURE TIDY as implemented in the WinGX software package [41] . In order to check any homogeneity range for the new structure, several crystals were also selected from different loading compositions; however crystal II (loaded composition CrAlZn 2 ) showed maximum incorporation of Cr compared to the others. The isotropic least-squares refinement for crystal II showed characteristics similar to that of crystal I, i.e., mixed Cr and Al position. Tables 1  and 2 summarize atomic positions, site occupancy factors, and displacement parameters for crystals I and II 
Electronic structure calculations
To assess chemical bonding factors leading to the existence of the title compounds, a theoretical electronic structure for the model compound, "Cr 9 Al 18 Zn 13 ", using the crystallographic results above were calculated using the tight-binding, linear muffin-tin orbital (TB-LMTO) method in the atomic spheres approximation (ASA) [42] [43] [44] [45] by the Stuttgart code. Exchange and correlation were treated in the local density approximation [46] . All relativistic effects except spin-orbit coupling were taken into account using a scalar relativistic approximation [47] . In the ASA, space is filled with small, overlapping Wigner-Seitz (WS) spheres at each atomic site. The symmetry of the potential is considered to be spherical inside each WS sphere, and a combined correction takes into account the overlapping part [48] . The radii of the WS spheres were obtained by requiring that the overlapping potential be the best possible approximation to the full potential, and were determined by an automatic procedure [48] . No empty spheres were needed to satisfy the LMTO overlap criterion. The corresponding WS radii for the various atoms include the following ranges: Cr, 1.550-1.670 Å ; Zn, 1.391-1.608 Å ; and Al, 1.488-1.666 Å . The basis set included Cr 4s, 4p, and 3d orbitals, Zn 4s, 4p, and 3d orbitals, and Al 3s, 3p and 3d orbitals. The k-space integrations to determine the self-consistent charge density, densities of states (DOS) and crystal Hamiltonian orbital populations (COHP) [49] were performed by the tetrahedron method [50] . The self consistent charge density was obtained using 288 irreducible k-points in the irreducible wedge of the rhombohedral Brillouin zone.
Results and discussion
The identified phases based on powder X-ray diffraction (PXRD) intensity profile analysis on various samples are summarized in Table 1 . Most specimens showed multiple phases by PXRD as well as EDS. Several attempts were made to obtain single phase samples by varying the loading compositions in the vicinity of the composition obtained from X-ray single crystal diffraction experiments, as well as choosing different heat treatments. No single phase sample was observed, either by prolonged annealing at 450 C, or by quenching the reaction mixture from 650 C. In all cases, the final product mainly consists of the title phase (yield > 85% as estimated from PXRD) and a small amount of Cr 5 Al 8 . According to PXRD intensity fitting, the estimated amount of the Cr 5 Al 8 phase is found to be ca. 5-15%. EDS analysis of several samples also confirm the presence of this Cr 5 Al 8 phase. Cr 5 Al 8 adopts a rhombohedrally distorted g-brass type structure. In addition, the Cr 5 Al 8 phase shows variation in its lattice parameters (see Table 1 ). These changes could be due to the homogeneity range for the Cr 5 Al 8 phase or a small amount of Zn incorporation into the parent Cr 5 Al 8 structure. The presence of Zn in the parent Cr 5 Al 8 phase could not be confirmed from single crystal diffraction studies due to the poor crystalline quality of this minor product. Nevertheless, EDS analysis on several crystals does indicate the presence of small amount of Zn, e.g., Cr 35 Al 61 Zn 4 . However, this level of Zn detected from EDS analysis falls under the detection limitations of the instrument, so we have ruled out the possibility of Zn being incorporated into the Cr 5 Al 8 structure.
The top panel of Fig. 1 shows a typically observed PXRD pattern of the product obtained from a sample heated to 850 C, and followed by heat treatment at 450 C for 5 days. The bottom panels show the calculated powder patterns from their identified phases. The powder patterns obtained under these conditions show a mixture of 1 three phases. According to an analysis of the intensity profiles, the product consists of the title phase (yield ca. 87%), along with two other minor phases, namely, Cr 5 Al 8 (yield ca. 8%) and (Cr,Al) 3 Zn (yield ca. 5%). The (Cr,Al) 3 Zn phase was observed in small yield when the reaction temperature achieved at least 850 C. Although the yield of the (Cr,Al) 3 Zn phase is small, its crystals can be easily handpicked with the help of an optical microscope, since they show a distinct morphology (see Fig. 1b ). The crystal structure was solved in the tetragonal space group I4/ mmm, and the composition refined to be Figure 2 shows the SEM images of the three phases in back-scattered electron mode. The phase contrast between Cr 5 Al 8 and (Cr,Al) 3 Zn can be clearly seen in Fig. 2b .
The crystal structure of the title phase, Zn 13 (Cr x Al 1Àx ) 27 represents a new structure type (space group R 3 3m). The unit cell volume accommodates 120 atoms (Pearson code hR120), which are distributed over 9 crystallographically distinct sites. Among them, three sites are exclusively occupied by Zn atoms (Wyckoff sites 3b, 18h, and 18h), and the remaining six sites show statistically mixed Cr and Al atoms (see Table 2 ). Refined compositions yielded a small range of Cr content to be 0.34 x 0.37. All structural refinements on several crystalline specimens show no evidence of mixing between Zn and Cr or Al atoms. 27 with maximum yield ca. 87% and followed by Cr 5 Al 8 (yield ca. 8%) and (Cr,Al) 3 Zn (yield ca. 5%). (1) and (2) for single crystal diffraction studies. The descriptors, "major" and "minor", indicate qualitative relative intensities of the highest reflection for each phase listed.
560
The most prominent features of this new crystal structure are two distinct atom-centered icosahedra built around the Zn1 and M1 sites. Figure 3 depicts two polyhedral representations of the structure of Zn 13 (Cr x Al 1Àx ) 27 , viewed along the [110] direction. The Zn1-centered icosahedron has six Zn3 nearest neighbors at 2.5379 Å and six M4 atoms at 2.683 Å : Zn1@6Zn3+6M4. Furthermore, the M1-centered icosahedron has six Zn2 nearest neighbor at 2.5379 Å and six M3 at 2.683 Å : M1@6Zn2+6M3. These icosahedra are stacked along the crystallographic c-axis in a ÁÁÁ ABC ÁÁÁ pattern, as depicted in Fig. 3 (left) . Additionally, each of the M1-centered icosahedra is surrounded by a slightly distorted pentagonal dodecahedron formed by three Cr/Al sites, which sit above every face of the inner icosahedron: M1@(6Zn2+6M3)(12M5+6M6+2M2). The distance between the central M1 site to the peripheral atoms of the dodecahedron range from 4.202(3) Å to 4.314(2) Å , as depicted in Fig. 3 (right) . The dodecahedra are condensed along the crystallographic a and b directions by sharing common edges (M5 atoms) forming a 2D network. However, there is no condensation of these polyhedra along the c direction because the Zn1-centered icosahedra are present between the layers. Figure 4 shows the coordination polyhedra of the nine sites in the asymmetric unit. Interatomic distances are listed in Table 3 . Zn1, Zn2 and M1 sites are surrounded by nearly regular icosahedra. The coordination polyhedron of Zn3 is a truncated icosahedron with coordination number 11 (CN11). A bicapped pentagonal prism is found surrounding the M4 and M5 sites. Finally, the M2 and M6 sites exhibit more regular coordination polyhedra of CN12, and the M3 site has a coordination polyhedron of CN13.
The substructure of M1-centered nested polyhedra shows a close resemblance to the Mn 3 Al 10 structure, which is a 3D network. Thus, the main difference between Zn 13 (Cr x Al 1Àx ) 27 and Mn 3 Al 10 is the presence of an additional layer of isolated Zn1-centered icosahedra between these nested polyhedra that give rise to a 2D network in Zn 13 (Cr x Al 1Àx ) 27 rather than a 3D network Mn 3 Al 10 (see Fig. 3 (right) and Fig. 6 ). In addition, this substructure is also observed in the rhomobohedrally distorted g-brass structures, e.g., MnGa and Cr 5 Al 8 . In analogy to the Mn 3 Al 10 structure, an alternative and elegant way of describing these new structures is to separate the atoms of Zn 13 (Cr x Al 1Àx ) 27 into puckered (P-) and flat (F-)layers that are stacked along c direction. Six F-and twelve P-layers per unit cell are stacked along c-axis with the sequence ÁÁÁ PFPFPP ÁÁÁ (Â3) as shown the Fig. 5 ; in Mn 3 Al 10 , we recognize a stacking sequence of ÁÁÁ PFPF ÁÁÁ per unit cell. In Zn 13 (Cr x Al 1Àx ) 27 , the two puckered layers exhibit the same tiling pattern, Schläfli symbol (3 6 ) 1 ; (3 2 434) 6 , but have different chemical compositions. One-fourth of the P-layers consists of only Zn atoms (green layers in Fig. 5 ), while three-fourths of them contain a mixture of Cr and Al atoms (orange layers in Fig. 5 ). The F-layers, Schläfli symbol (3939) 1 ; (3 3 9) 1 , are structurally equivalent, and, therefore, adopt a single composition containing all three elements. In Mn 3 Al 10 , the F-and P-layers have identical tilings, see Fig. 6 .
A more effective way of describing this new structure, however, is by using the I3-cluster concept, in which the I3-cluster consists of three vertex-connected icosahedra. This concept has been effectively adopted to describe complex structures which are CAs. For instance, l-MnAl 4 [51] , j-Ni 6 Cr 18 Al 76 [52] , Ga 12þxþy Mg 11Ày Pd 6Àx [53] , gAgMg 4 [54] , and Ir 9 Al 28 [55] have I3-clusters each with different connectivities as described by Kreiner and Franzen [23] . They identified four different types of I3-cluster connectivity in different structures: (i) B-type (bridgetype); (ii) I-type (interpenetrating-type); (iii) S-type (sharing-type); and (iv) L-type (a cluster of four icosahedra at the corners of a tetrahedron). In the Zn 13 (Cr x Al 1Àx ) 27 structure we identified B-type, I-type, and L-type modes of I3-cluster connectivity as highlighted in Fig. 7 (left and center).
Interpenetrating icosahedra (I-type) occur at the Zn2 sites, which form a triangular arrangement in each F-layer. Each Zn2 site has two Zn2 nearest neighbors arranged in a triangle at a separation of ca. 2.671 Å . These triangles form a 2D network of vertex-connected and interpenetrating icosahedra (I-type) with two P-layers located above and below the F-layer. The building block is three vertexconnected icosahedra, i.e., an I3-cluster, which are basically found in the sequence of {ÁÁÁ PFP ÁÁÁ} layers. The additional icosahedra centered by Zn1 atoms located in the P-layer (green layer) share common vertices with I3-clusters located in the {ÁÁÁ PFP ÁÁÁ} layers to form a building block of four vertex-connected icosahedra, using M4 connecting atoms. This connectivity is known in terms of the I3-cluster concept as an L-unit, and the connectivity is L-type. Furthermore, these L-type units are condensed by sharing triangular faces via M1 and M3 sites to form a 3D icosahedral network. The linkage between the two L-type units constitutes a B-type (bridge-type) connection (highlighted in Fig. 7c ). In addition, each L-type unit also generates a pyrochlore-type unit, i.e., four octahedra share their vertices and faces with the central octahedron, located at the center (void) of the L-type unit, as shown in Fig. 7b . It is noteworthy that the structure of Mn 3 Al 10 consists of only B-and I-type of I3-cluster connectivities [23] . Additionally, two Zn2 centered icosahedra, which Table 3 . Atomic coordinates and equivalent isotropic displacement parameters for crystals I and II. U eq is defined as one-third of the trace of the orthogonalized U ij tensor.
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Occ. are located on an F-layer, interpenetrate each other along their pseudo-5 5-axes, and they share a common bicapped pentagonal prism centered by M5 atoms, as depicted in Fig. 7d . Fig. 8 . Analysis of the electronic DOS curve shows that the contribution to total DOS at the Fermi level (134 e À ) arises mostly from chromium 3d orbitals, and to a small extent from Al 3p orbitals. In addition, the Zn 3d orbitals form a narrow band ca. 10 eV below this calculated Fermi level, and are not illustrated. The chromium 3d orbitals spread into a band of ca. 10 eV width centered near the calculated Fermi level, and are also split into bonding and antibonding states at the Fermi level (see below).
A quantitative bonding analysis of the Zn 13 (Cr x Al 1Àx ) 27 structure using "Cr 9 Al 18 Zn 13 " with Cr atoms at the M3 sites has also been carried out based on the --COHP curves and the corresponding integrated --COHP (--ICOHP) values, which are measures of relative bond indices and listed in Table 5 . In "Cr 9 Al 18 Zn 13 ", the strongest orbital interactions are found for Zn--Al, Cr--Al and Al--Al contacts, whose --ICOHP values, respectively, are 7.12, 4.90, and 4.60 eV/bond. This shows that both homo-and heteronuclear interactions are responsible for the stability of the new phase. According to the --COHP curves, the Zn--Zn and Zn--Al interactions are optimized: bonding orbitals are filled; antibonding orbitals are empty. In addition, the Zn--Zn, Al--Al and Cr--Zn contacts show nonbonding character, whereas Cr--Cr bonding changes sharply around the Fermi level from bonding to antibonding character. Moreover, optimization of heteronuclear Cr--Al, Zn--Al, and Cr--Zn interactions take place at ca. 0.12 eV above the Fermi level, which corresponds to 138 e À per formula unit. This suggests a small homogeneity range for the new phase, and is close to the upper limit of Cr/Al substitution that emerged from our single crystal diffraction studies: Zn 13 Cr 9.87 Al 17.13 gives 136.6 valence electrons.
Conclusions
The new phases Zn 13 (Cr x Al 1Àx ) 27 (x ¼ 0:34-0.37) were successfully synthesized with maximum yield. According to single crystal diffraction studies, the new phase crystal- lizes in a rhombohedral system and adopts a new structure type. Combined single crystal and powder X-ray diffraction experiment revealed that the title phase coexist with Cr 5 Al 8 and (Cr,Al) 3 Zn, depending upon the reaction condition. The main building block of new structure is a three vertex connected icosahedra, known as the I3 cluster, showing L-type, B-type, and I-type connectivities reflecting complexity of the new phase. The electronic structure calculation and bonding analysis indicated that heteroatomic Cr--Zn, Cr--Al, and Zn--Al bonding are the strongest, which is optimized for these valence electron counts.
